This study was undertaken to evaluate the incidence and risk factors associated with relative adrenal insufficiency (RAI) in Korean critically-ill patients. All patients who were admitted to the Medical Intensive Care Unit (MICU) of Samsung Medical Center between January 1, 2006 and April 30, 2007 were prospectively evaluated using a short corticotropin stimulation test on the day of admission. RAI was defined as an increase in the serum cortisol level of <9 μ g/dL from the baseline after administration of 250 μ g of corticotropin. In all, 123 patients were recruited and overall the incidence of RAI was 44% (54/123). The presence of septic shock (P=0.001), the Simplified Acute Physiology Score (SAPS) II (P=0.003), the Sequential Organ Failure Assessment (SOFA) score (P=0.001), the mean heart rate (P=0.040), lactate levels (P=0.001), arterial pH (P=0.047), treatment with vasopressors at ICU admission (P=0.004), and the 28-day mortality (P=0.041) were significantly different between patients with and without RAI. The multivariate analysis showed that the SOFA score was an independent predictor of RAI in critically-ill patients (odd ratio=1.235, P=0.032). Our data suggest that RAI is frequently found in Korean critically-ill patients and that a high SOFA score is an independent predictor of RAI in these patients.
INTRODUCTION
Severe illness or infection activates the hypothalamic-pituitary-adrenal (HPA) axis (1-3); this activation is an essential component of the general adaptation to stress. However, the cortisol levels considered normal or above normal may not be sufficient in critically-ill patients (4) . The presence of insufficient cortisol secretion, relative to illness severity, is referred to as relative adrenal insufficiency (RAI) or critical illnessrelated corticosteroid insufficiency (5) .
There is increasing evidence that suggests that RAI occurs in critically-ill patients with sepsis, patients with human immunodeficiency virus infection, head injury, pancreatitis, burns, and following cardiac surgery (4, (6) (7) (8) (9) . However, the diagnosis of RAI in critically-ill patients is difficult because the expected cortisol levels vary with the type and severity of disease (4, 10) , as well as with different serum levels of binding proteins (11) . Increases in cortisol levels <9 μ g/dL, after corticotropin stimulation, have been suggested to be the diagnostic criterion for adrenal insufficiency in critically-ill patients; these cortisol levels have been associated with vascular unresponsiveness to catecholamines (12, 13) and with an increased risk of death (4) . However, the short corticotropin stimulation test takes time and requires three samples of blood, making it cumbersome to perform in the intensive care setting. If cortisol response to corticotropin stimulation can be predicted, it would be very helpful for clinicians at the bedside. However, currently there are no such variables that have been identified. Therefore, the aim of this study was to evaluate the incidence of RAI in critically-ill patients and to determine whether pretest clinical factors, including the disease severity index could be predictive of the cortisol response to the standard short corticotropin test.
MATERIALS AND METHODS

Study population
All consecutive patients hospitalized and admitted to the had known previous conditions that may have disrupted the HPA axis, were positive for the HIV antibody, were expected to improve promptly requiring less than 24 hr of ICU care, were pregnant, and had previously been admitted to the ICU during the same admission. The protocol was approved by our institutional review board and informed consent was obtained from the patients or patients' next of kin.
Diagnosis of RAI
Within 24 hr of the ICU admission, the short corticotropin stimulation test was performed by administering 250 μ g of synthetic corticotropin intravenously. Blood samples were taken immediately before the test and 30 and 60 min after the injection for measurement of the total cortisol by the enzyme-linked fluorescent assay. RAI was diagnosed when the peak cortisol concentration, after the corticotropin administration, was <9 μ g/dL compared to the baseline.
Data collection
At patient enrollment, the following parameters were recorded: time to rapid ACTH stimulation from ICU admission; age and gender; past medical history and underlying disease; the signs and symptoms of adrenal insufficiency at admission, which included presence of weakness, fatigue, anorexia, nausea, and vomiting; vital signs; the severity of illness, as assessed by the simplified acute physiology score (SAPS) II and the sequential organ failure assessment (SOFA) score. Laboratory measurements included arterial blood gas analysis, the ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen, serum lactate, C-reactive protein, blood electrolytes, total blood cells, eosinophil and platelet counts, and serum levels of creatinine and albumin. In addition, the treatment given including vasopressors and mechanical ventilation were recorded. The duration of mechanical ventilation and the 28 day mortality were assessed.
Statistical analysis
Discrete variables are expressed as counts (percentage) and continuous variables as mean±standard deviation when they were normally distributed or in the median and interquartile range (25th and 75th percentiles) when they were not normally distributed. Chi-square analysis with the Fisher's exact test (when appropriate) was used to compare the categorical data. Continuous variables were analyzed with the Student's t-test and the Mann-Whitney U test as appropriate. The logistic regression model was used to identify significant variables predicting the odds ratio (OR) of RAI (along with the 95% confidence interval [CI] ). Discrimination was assessed using the area under the receiver operating characteristic curve to evaluate how well the model distinguished patients who had RAI from those who did not. To perform survival analyses, continuous variables were discretized according to their medican value. The 28 day mortality was evaluated by the Kaplan-Meier method and compared with the log-rank test for all variables studied. A Cox regression model was used to assess variables related to the 28 day mortality. Statistical significance was established at P<0.05.
RESULTS
Patient characteristics
Among 419 admissions, 123 (29%) patients were recruited for the study. Two hundred nine (50%) patients were excluded because they were using or had used glucocorticoids within one month of the ICU admission. The reasons for glucocorticoid treatment were chemotherapy for malignant diseases in 122 (58%), chronic obstructive lung disease or asthma in 40 (19%), immunosuppressive treatment due to organ transplantation or rheumatologic diseases in 18 (9%), adrenal insufficiency in 12 (6%), and others in 17 (8%). Sixty (14%) patients were excluded because they were admitted for shortterm observation only, 20 (5%) patients or their families refused to give consent, and seven (2%) patients because 24 hr had already elapsed before the short corticotropin test could be given.
Of the 123 patients, 55 were female and 68 were male. The mean age of the patients was 57±16 yr. At ICU admission, 52% of all patients had septic shock and 72% had severe sepsis. The mean SAPS II and SOFA scores were 49.1±19.9 and 9.4±4.4, respectively. In all, 54 (44%) patients were diagnosed with RAI. The short corticotropin stimulation test was performed at a median of 8 hr (IQR 3-16 hr) after the ICU admission. Table 1 shows the main patient characteristics and results of the univariate analysis of the patients with RAI compared to those without RAI. Septic shock (P=0.001), the mean SAPS II score (P=0.003), the SOFA score (P=0.001), the mean heart rate (P=0.040), lactate levels (P=0.001), the arterial pH (P=0.047), treatment with vasopressors at ICU admission (P=0.004), and the 28-day mortality (P=0.041) were significantly different between the patients with and without RAI. 
Predictive factors of RAI
All variables found to be significantly different between the patients with RAI and those without RAI, according to the univariate analysis performed on patient characteristics at ICU admission (apart from physician's interventions, namely the administration of vasopressors), were entered into the logistic regression model. Among those variables, the SOFA score was the only independent predictive factor of RAI in critically ill patients (OR, 1.235, 95% CI, 1.018-1.498, P= 0.032) ( Table 2 ). To evaluate the potential to predict RAI in the critically-ill patients, a receiver operating characteristic (ROC) analysis was performed. The SOFA score had an area under the ROC curve of 0.717 (95% CI, 0.623-0.811) and with an optimal calculated SOFA score threshold of 9.5, the sensitivity and specificity were 61% and 67%, respectively (Fig. 1) .
Factors predictive of survival
In the univariate analysis, factors predicting the 28 day mortality were a SOFA >10 (P<0.001), the SAPS II >50 (P=0.002), and a lactate >2.3 mM/L (P<0.045). Among those variables, the SOFA score was the only independent predictive factor of the 28 day mortality in the Cox proportional hazards model (OR, 8.1, 95% CI, 1.0-63.9, P=0.046).
DISCUSSION
Our findings suggest that RAI, diagnosed by a decreased cortisol response to corticotropin, is frequently observed in Korean critically-ill patients and that the SOFA score was an independent predictive factor for RAI.
The optimal way to diagnose RAI in critically ill patients remains controversial. The simplest method is to test a random cortisol level. In an otherwise stable person, a random serum cortisol level ≤3 μ g/dL is suggestive of adrenal insufficiency, whereas the presence of adrenal insufficiency may be ruled out with a random cortisol level ≥19 μ g/dL (14) . However, in critically-ill patients, the basal serum cortisol levels are usually elevated and correlate with the severity of the illness (4), which makes determining the appropriate cortisol response difficult. Prior studies of RAI have used different levels of cortisol to diagnose RAI; currently there is no universally accepted level (15) .
In this study, we defined RAI in critically-ill patients as an increase in cortisol levels <9 μ g/dL, compared to the baseline, after corticotropin infusion. This level has been associated with increased mortality and is the most widely accepted criterion used for RAI (4, 16) ; however, the utility of RAI diagnosed by this criterion continues to be debated. In contrast to an earlier report of improved survival after corticosteroid replacement therapy (16), a recent large scale randomized study failed to demonstrate improved survival in patients with septic shock after corticosteroid therapy (17) .
In a study recently published by Annane et al. (18) , the investigators compared the cortisol response to corticotropin with the metyrapone test, which assesses the entire HPA axis, and suggested a new criterion for RAI (basal cortisol <10 μ g/ dL or an increase in cortisol levels ≤9 μ g/dL from baseline). However, the metyrapone test has its own limitations. It requires intact gastrointestinal absorption of the drug, which in critically-ill patients is not always present (14) , and it is influenced by P450 enzyme inducers such as rifampin or phenobarbital (14, 19) . In addition, there is no data available on the clinical significance of RAI diagnosed with these criteria using clinically important endpoints.
Although the incidence of RAI in critically ill patients varied widely depending on the population being studied and the diagnostic criteria used, it is well established that RAI is frequently observed in patients with septic shock. In this study, the incidence of RAI in patients with septic shock was 58%; this was slightly lower than the reports of Annane et al. (77%) (16) , and a previous study reported by our group (71%) (20) . However, at present, little data is available in the literature on the incidence of impaired adrenal function in patients without septic shock. In this study, we found that a similar proportion of patients admitted to the MICU had RAI whether they had septic shock (29%), severe sepsis (31%) or other conditions (31%).
This study is the first prospective study reporting the incidence of RAI in Korean critically-ill patients. RAI in critically-ill patients, in an Asian population, has not been well studied. It is not known whether there are interracial differences in the incidence of RAI. In one study conducted in China, which used the same diagnostic criteria of RAI as our study, Table 2 . Factors predictive of adrenal insufficiency the incidence of RAI in patients with severe sepsis was 38.3%, and was higher in non-survivors (62.3%) compared to survivors (19.4%) (21) . The only independent factor predicting RAI was the SOFA score. This could be important because there is no specific clinical feature proven to be helpful in predicting RAI in critically-ill patients (22, 23) . Although symptoms such as fatigue, weight loss, nausea, abdominal pain, arthralgia, and postural syncope are known to be associated with hypoadrenalism, these are nonspecific findings and frequently found in critically ill patients (24) . Similarly, the classic features of an Addisonian crisis, such as anorexia, nausea, vomiting, diarrhea, delirium, fever, and hypotension, are common in septic patients (24) . Thus, it is extremely difficult to identify adrenal insufficiency in patients requiring intensive care.
One recent study showed that the SOFA score and other laboratory data such as a low pH/bicarbonate and platelet count were independent predictors of relative adrenal insufficiency in critically-ill patients (25) . However, that study was a retrospective study and included patients who were receiving glucocorticoids, antifungal agents and etomidate, which can interfere with the HPA axis. In addition, the short corticotropin stimulation test was performed only in patients with suspicious symptoms or signs of adrenal insufficiency. In our study, we prospectively enrolled all patients, excluding patients using drugs that could influence the HPA axis.
The present study has several limitations. First, we measured the total cortisol not the free cortisol. Free cortisol is thought to be more representative of the physiologic actions of cortisol because of the common findings of hypoalbuminemia in the critically-ill (11) . However, a recent study conducted by Annane et al. (18) showed that free cortisol was not superior to total cortisol in diagnosing RAI in the critically-ill. Second, only 29% of all eligible patients were recruited limiting the generalization of our findings. This was mainly because half of all of the patients admitted to the medical ICU were receiving or had recently received steroid treatment at ICU admission. Third, not all of the patients with RAI received treatment with corticosteroid replacement therapy, as the decision to administer such treatment was made by the attending physician. Only 19 (35%) patients with RAI received low-dose corticosteroid replacement therapy (hydrocortisone sodium succinate 50 mg every 6 hr for 7 days). No significant difference in mortality was observed between patients who received corticosteroid replacement therapy and those who did not (26% [5/19] vs. 37% [13/22] , P=0.550). Whether corticosteroid replacement therapy improves in patients with RAI should be further studied.
In conclusion, the results of this study show that adrenal insufficiency is frequently found in Korean critically-ill patients. In addition, a high SOFA score is an independent risk factor for RAI in these patients.
